f Vancomycin-resistant enterococci (VRE) are a growing health problem, and uncertainties exist regarding the optimal therapy for bloodstream infection due to VRE. We conducted systematic comparative evaluations of the impact of different antimicrobial therapies on the outcomes of patients with bloodstream infections due to VRE. A retrospective study from January 2008 to October 2010 was conducted at Detroit Medical Center. Unique patients with blood cultures due to VRE were included and reviewed. Three major therapeutic classes were analyzed: daptomycin, linezolid, and ␤-lactams. Three multivariate models were conducted for each outcome, matching for a propensity score predicting the likelihood of receipt of one of the therapeutic classes. A total of 225 cases of bacteremia due to VRE were included, including 86 (38.2%) cases of VR Enterococcus faecalis and 139 (61.8%) of VR Enterococcus faecium. Bacteremia due to VR E. faecalis was more frequent among subjects treated with ␤-lactams than among those treated with daptomycin or linezolid. The median dose of daptomycin was 6 mg/kg of body weight (range, 6 to 12 mg/kg). After controlling for propensity score and bacteremia due to VR E. faecalis, differences in mortality were nonsignificant among the treatment groups. Therapy with daptomycin was associated with higher median variable direct cost per day than that for linezolid. This large study revealed the three therapeutic classes (daptomycin, linezolid, and ␤-lactams) are similarly efficacious in the treatment of bacteremia due to susceptible strains of VRE.
V
ancomycin-resistant enterococci (VRE) are major clinical and epidemiological threats; vancomycin resistance in the United States occurs in approximately 80% to 95% in Enterococcus faecium and 5 to 7% in Enterococcus faecalis (1, 2) . At the Detroit Medical Center (DMC), 12.5% of 4,377 (n ϭ 547) isolates of E. faecalis and 75.2% of 1,150 (n ϭ 865) isolates of E. faecium in 2009 were VRE (3) .
Treatment options are limited for bacteremia due to VRE. The preferred treatment for VRE bacteremia is ampicillin if the isolate is susceptible to this agent. However, the majority of VR E. faecium isolates are resistant to ampicillin (2, 4) . Newer agents, such as linezolid or daptomycin, are additional treatment options. Linezolid, which was approved by the FDA for the treatment of VRE infections, may be given parenterally or orally (4) . However, linezolid is bacteriostatic in vivo against enterococci (4) . Despite its bactericidal activity against most Gram-positive organisms, including VRE, daptomycin is not FDA approved for the treatment of VRE infections. Other available agents with antienterococcal activity have major limitations (4) .
Uncertainties exist regarding the optimal treatment for bloodstream infection due to VRE, particularly when ampicillin cannot be used. Because VRE is a growing health problem, it is imperative to obtain further information on optimal treatment for bacteremia due to VRE. We conducted systematic comparative evaluations of the impact of different antimicrobial therapies on the outcomes of patients with bloodstream infections due to VRE.
MATERIALS AND METHODS

Study settings and design.
A retrospective analysis to evaluate the impact of different antimicrobial therapies on clinical and fiscal outcomes of patients with bacteremia due to VRE was conducted at DMC, which consists of 8 hospitals. Institutional review boards at Wayne State University and DMC approved the study before its initiation.
Patients and variables. The study cohort consisted of all patients who had a positive blood culture for VR E. faecalis or VR E. faecium as identified by the DMC clinical microbiology laboratory from 1 January 2008 to 31 October 2010. For patients who had Ͼ1 episode of bacteremia due to VRE during the study period, only the first episode of VRE bacteremia was analyzed. Patients who did not receive effective intravenous therapy for Ͼ24 h were excluded. Oral as well as intravenous linezolid therapy was considered to be effective. Patients who received daptomycin at a dose of Ͻ6 mg/kg were excluded from the study. Effective therapy was defined based on in vitro activity as reported by the DMC clinical microbiology laboratory, in accordance with the Clinical and Laboratory Standard Institutions (CLSI) criteria (5) .
Parameters retrieved from patient records included (i) demographics, (ii) comorbid conditions (including components of Charlson's scores [6] ) and immunosuppressive status, (iii) recent health care-associated exposures, (iv) acute illness indices, including McCabe score (7) , and the severity of sepsis levels per systemic inflammatory response syndrome (SIRS) criteria (8) , (v) infectious clinical syndromes causing bacteremia, (vi) whether the VRE bacteremia was community or hospital onset, (vii) factors related to antimicrobial therapy, and (viii) outcomes. Immunosuppressive status included one or more of the following: neutropenia (Ͻ500 neutrophils) at time of culture, glucocorticoid/steroid use in the past month, chemotherapy or radiotherapy in the past 3 months, HIV, being a transplant recipient, or anti-tumor necrosis factor alpha (TNF-␣) therapy in the past 3 months. Infectious clinical syndromes causing bacteremia were determined based on CDC/NHSN definitions and IDSA guidelines (9-11), infectious disease consultation notes, primary care team progress notes, and SIRS criteria (8) . For cases categorized as catheter-related bloodstream infection (CRBSI), information pertaining to catheter removal was obtained. Hospital-acquired VRE was defined as length of hospital stay (LOS) before VRE isolation of Ͼ2 days. Factors related to antimicrobial therapy included recent (within 3 months) exposures to antimicrobials, empirical therapy (defined as therapy administered from 48 h before to 72 h following VRE culture date), and the main "consolidative" regimen (i.e., antibiotics provided from 72 h to 14 days following VRE isolation). Time to effective therapy (the number of hours from the time of VRE isolation from the blood to the time of initiation of effective therapy) and hours of effective therapy (the duration of effective antimicrobial therapy administered from 48 h before to 2 weeks following the VRE culture date) were also analyzed. Information regarding switching and combinations of antibiotic therapies from 72 h to 14 days following VRE isolation were also obtained, and switching agents due to treatment failure was defined by the presence of sustained bacteremia when the therapeutic agent was switched. Outcomes included in-hospital and 90-day mortality, LOS, functional status deterioration (deterioration from the time of admission to discharge in Ն1 activities of daily living according to Katz criteria [12] ), and discharge to a long-term facility after being admitted from home. Mortality refers to all-cause mortality throughout this report. Direct hospital costs were obtained from administrative financial databases.
Microbiology. DMC has a single centralized Clinical Microbiology Laboratory. Bacteria are identified to the species level, and susceptibilities are determined to predefined antimicrobials, based on an automated broth microdilution system (MicroScan; Siemens AG, Germany), and in accordance with the CLSI criteria (5). All results of MicroScan are assessed by a medical technologist in the microbiology laboratory, and supplemental tests are utilized when indicated (e.g., atypical susceptibility patterns of enterococci). At DMC, Ͼ99% concordance of susceptibility between ampicillin and penicillin has been observed, and, thus, we considered ampicillin-sensitive isolates to be piperacillin sensitive (13) .
Surveillance cultures for VRE were not conducted routinely at DMC during the study period and were excluded from the analysis.
Statistical analysis. All analyses were performed by using SPSS 20 (Chicago, IL; 2012) and SAS software, version 9.3 (SAS Institute). As we were unable to obtain direct hospital costs on patients who were admitted to a cancer institute that is physically part of DMC, two separate cohorts for analyses were used; the entire cohort, used for analyses on mortality and LOS; and the cohort with hospital cost data for analysis of fiscal outcomes, which excluded cancer institute patients. Bivariate analyses performed included Fisher's exact test and chi-square test for categorical variables and independent sample t test or the Mann-Whitney U test for continuous variables. Three multivariate propensity models were constructed predicting the likelihood of receipt of one of the therapeutic classes (i.e., daptomycin versus linezolid, daptomycin versus ␤-lactams, linezolid versus ␤-lactams). Propensity scores predicting the likelihood of receipt of one of the therapeutic classes were developed for each subject based on the ␤-coefficients of variables in multivariate models. Separate propensity scores were calculated for the whole cohort and the cost data cohort, which excluded cancer center patients. For each comparison, cases from each treatment group were matched based on propensity score in a 1:1 ratio using a range of Ϯ0.5 propensity score points. Cases for which there was no available match were excluded. To evaluate the impact of different antimicrobial therapies on clinical and fiscal outcomes of patients with bacteremia due to VRE, multivariable regression models were constructed for in-hospital mortality (logistic regression) and for LOS after VRE bacteremia (excluding those who died) and increased cost (linear regression on natural log-transformed LOS and cost).
The effect estimates for LOS and cost were reported as the multiplicative effect (the antilog of the ␤-coefficient) (14) .
For all analyses, a P value of 0.05 was considered significant. All variables with a P value of Ͻ0.1 in the bivariate analyses, and which were not included in the propensity score model, were considered for inclusion in the multivariate outcome analyses. A stepwise selection procedure was used to select variables for inclusion in the final model. The final model was tested for confounding variables to assess any additional impact on the model. If a covariate affected the ␤-coefficient of a variable in the model by Ͼ10%, then the confounding variable was maintained in the multivariable model. All P values were two-sided.
RESULTS
Entire cohort. During the study period, 225 cases of VRE bacteremia met inclusion criteria. Eighty-six (38%) cases of bacteremia were due to VR E. faecalis, and 139 (62%) were due to VR E. faecium. Fifty-six cases were treated with daptomycin, 112 cases were treated with linezolid, and 57 cases were treated with ␤-lactams. The median dose of daptomycin was 6 mg/kg (range, 6 to 12 mg/kg). Among the patients treated with ␤-lactams, 42 (74%) received ampicillin, 9 (16%) received piperacillin-tazobactam, and 6 (11%) received ampicillin-sulbactam.
Bivariate analyses comparing characteristics of patients within each treatment group are displayed in Table 1 . Bacteremia due to VR E. faecalis was more frequent among the ␤-lactam group than the daptomycin/linezolid group. Patients in the daptomycin group were more frequently immunosuppressed or had hematologic malignancy compared to patients in the ␤-lactam/linezolid group. Concurrent bloodstream infections (within 3 days of VRE culture) due to organisms other than VRE were more common among patients in the ␤-lactam group than in the daptomycin and linezolid groups. The most common pathogen isolated among patients with concurrent bloodstream infection was coagulasenegative staphylococci (n ϭ 46), followed by Gram-negative bacilli (n ϭ 34), Staphylococcus aureus (n ϭ 11), and Candida spp. (n ϭ 5).
The most common source of bacteremia in each group was a central venous catheter (i.e., CRBSI cases [n ϭ 89, 40%]). Among patients with CRBSI, the central line was removed in 14 patients (68%) within the daptomycin group, 34 (72%) within the linezolid group, and 18 (81%) within the ␤-lactam group. The proportion of patients who had their catheter removed did not differ among each treatment group (P Ͼ 0.05 for each 2-group comparison).
A urinary source of infection was more common in the ␤-lactam than the daptomycin group, and the proportion of subjects with an unknown primary source of bacteremia was more common in the daptomycin group than the linezolid/␤-lactam group.
The frequency of combination therapy did not significantly differ among groups. The most commonly used agent in combi- nation with study antimicrobials was rifampin (4 cases in the daptomycin group, 1 in the linezolid group, 3 in the ␤-lactam group), followed by aminoglycosides (1 in the daptomycin group, 3 in the linezolid group, 2 in the ␤-lactam group), tigecycline (3 in the linezolid group, 3 in the ␤-lactam group), and ceftriaxone-cefotaxime (3 in the ␤-lactam group). Each therapy was rarely changed to another active antimicrobial, and the frequency of changing effective therapeutic agents was similar in the three treatment groups (Table 1) . No difference was noted among each study group with regard to switching due to treatment failure. Time to initiation of effective therapy was longer in the linezolid group than the daptomycin or ␤-lactams group (Table 1) . In bivariate analysis, in-hospital mortality among the daptomycin group was significantly higher (n ϭ 25 patients [45%]) than in the linezolid (n ϭ 28 [25%]) (P ϭ 0.01) or ␤-lactams group (n ϭ 11 [19%]) (P ϭ 0.01). Among patients with bacteremia due to VR E. faecium, the difference between the rates of in-hospital mortality in the daptomycin and linezolid groups remained significant (n ϭ In the cohort of patients with immunocompromising conditions and/or hematologic malignancy, the mortality rates among patients in the daptomycin and linezolid groups were similar, but both were greater than the mortality rate in the ␤-lactam group ; daptomycin versus linezolid, P ϭ 0.01; daptomycin versus ␤-lactams, P ϭ 0.01; linezolid versus ␤-lactams, P ϭ 0.68). The differences in mortality were not significant in the cohort excluding those patients with indwelling devices (daptomycin, linezolid, and ␤-lactam groups: 5 [36%], 4 [27%], and 1 [13%], respectively; P Ͼ 0.05). In the cohort of patients who had surgery or invasive procedures in the prior 6 months, the mortality rate among patients in the daptomycin group was greater than the mortality rate in the linezolid group and ␤-lactam group (number [%] of in-hospital mortalities for the daptomycin, linezolid, and beta-lactam groups, respectively: 23 [47%], 20 [24%], and 9 [24%]; daptomycin versus linezolid, P ϭ 0.01; daptomycin versus ␤-lactams, P ϭ 0.04; linezolid versus ␤-lactams, P ϭ 1.0). The differences in mortality were not significant in the cohort, excluding those patients with indwelling Three multivariate models were constructed to predict the likelihood of receipt of one of the therapeutic classes compared to another class (Table 2 ). Based on these models, propensity scores were developed, and matched comparisons between treatment groups were conducted as described in Materials and Methods.
After controlling for time to effective therapy and VRE species (VR E. faecalis versus VR E. faecium), differences in mortality and LOS following VRE isolation were no longer significant as a function of treatment group (Table 3) . However, median LOS following VRE bacteremia, excluding deaths, was longer in the linezolid group than in the ␤-lactam group (P ϭ 0.05).
Sixteen (46%) of 35 patients who received 6 mg/kg daptomycin and 9 (43%) of 21 patients who received Ͼ6 mg/kg daptomycin (11 cases, 8 mg/kg; 9 cases, 10 mg/kg; 1 case, 12 mg/kg) died in the hospital (P ϭ 1.0). Abnormal creatinine phosphokinase (CPK) levels (Ͼ350 U/liter) were recorded in 2 of 38 patients (5%) with recorded CPK values in the daptomycin group, in 11 of 35 (31%) in the linezolid group, and 3 of 9 (33%) in the ␤-lactam group (daptomycin versus linezolid, P ϭ 0.005; daptomycin versus ␤-lactams, P ϭ 0.04). Eight of 52 patients with medical records available in the daptomycin group were on statins (15%), as were 38 of 109 (35%) in the linezolid group and 24 of 57 (42%) in the ␤-lactam group (daptomycin versus linezolid, P ϭ 0.02; daptomycin versus ␤-lactams, P Ͻ 0.01). Abnormal CPK levels developing after initiation of antibiotics were recorded in 1 patient in the daptomycin group (919 U/liter). Thrombocytopenia (Ͻ100 ϫ 10 9 platelets/liter) present at baseline or developing after initiation of antibiotics was reported in 14 of 39 (36%) patients in the dap- for the distance matrix of 0.5 in a 1:1 ratio. In the entire cohort, 39 (69.6%) subjects within the daptomycin group were matched to 39 (34.8%) within the linezolid group; 24 (42.9%) subjects within the daptomycin group were matched to 24 (42.1%) within the ␤-lactam group; and 49 (43.8%) subjects within the linezolid group were matched to 49 (86%) within the ␤-lactam group. b Controlled VR E. faecalis isolation (models 2 and 3) and time to effective therapy (models 1 and 3). c Odds ratio for in-hospital death. The effect estimates for length of stay were reported as the multiplicative effect (the antilog of the ␤ coefficient).
tomycin group with platelet values available, 21 of 100 (21%) in the linezolid group, and 1 of 50 (2%) in the ␤-lactam group (daptomycin versus ␤-lactams, P Ͻ 0.001; linezolid versus ␤-lactams, P Ͻ 0.01). Newly developed thrombocytopenia, occurring after initiation of antibiotics, was reported in 4 of 100 (4%) patients in the linezolid group (median, 72 ϫ 10 9 /liter; range, 50 ϫ 10 9 /liter to 96 ϫ 10 9 /liter). The cohort with hospital cost data. There were few notable differences in the results of bivariate analyses between the hospital cost data cohort and the entire cohort. In the cost data cohort, the differences between the treatment groups with regard to the prevalence of patients with hematologic malignancy, with an immunosuppressive state, who had an unknown anatomic focus of bacteremia, and who were receiving chronic hemodialysis were not significant (see Table S1s in the supplemental material). In the daptomycin group, neurologic diseases were more frequent, and Charlson's weighted index comorbidity score was higher in the cohort with cost data than in the whole cohort. The differences in mortality among the treatment groups observed in the wholecohort analysis were not significant in the hospital cost data cohort. Median variable direct cost per day was highest in the daptomycin group and lowest in the ␤-lactam group (daptomycin versus linezolid, P ϭ 0.01; daptomycin versus ␤-lactams, P Ͻ 0.01; linezolid versus ␤-lactams, P Ͻ 0.01).
Three multivariate models were constructed to predict the likelihood of receipt of one of the therapeutic classes, and propensity score matched comparisons between treatment groups were conducted as described in Materials and Methods (Table 2) .
After controlling for time to effective therapy, VRE species (VR E. faecalis versus VR E. faecium), and LOS prior to VRE isolation, therapy with daptomycin was associated with higher median variable direct cost per day than therapy with linezolid (P ϭ 0.01) and with higher median variable direct cost for the duration of hospitalization than the ␤-lactam group (P ϭ 0.03) ( Table 4) .
DISCUSSION
Despite the significant differences in in-hospital mortality among each treatment group in bivariate analysis, differences in mortality were not significant after matching on propensity score and controlling for time to effective therapy and VRE species (VR E. faecalis versus VR E. faecium). The higher mortality in bivariate analysis within the daptomycin group may be explained by the fact that this population was more likely to have been immunocompromised, have had hematologic malignancy, have had indwelling devices, and have required invasive procedures and/or surgeries. This higher mortality rate in the bivariate analysis in the daptomycin group was likely due in part to "confounding by indication," i.e., patients with immunocompromising conditions and/or hematologic malignancies were more likely to die and were more likely to receive daptomycin. These differences were accounted for, in part, in multivariate analyses, where no differences in mortality among treatment groups were identified. Our results are in accordance with previous studies which compared daptomycin to linezolid for treatment of bacteremia due to VRE (15) (16) (17) : these reports did not find significant differences in mortality among patients treated with daptomycin or linezolid.
Recently published meta-analyses revealed increased survival with linezolid compared to that with daptomycin (18, 19) . One explanation for the differences in the findings in these studies compared to the current one is that these prior studies included In the financial data cohort, 33 (91.7%) subjects within the daptomycin group were matched to 33 (31.4%) within the linezolid group; 23 (63.9%) subjects in the daptomycin group were matched to 23 (41.8%) in the ␤-lactam group; and 46 (43.8%) subjects in the linezolid group were matched to 46 (83.6%) subjects in the ␤-lactam group. b Controlled for length of hospital stay prior to VRE isolation (models 1, 2, and 3), VR E. faecalis isolation (models 2 and 3), and time to effective therapy (models 1 and 3). c The effect estimates for cost were reported as the multiplicative effect (the antilog of the ␤-coefficient).
patients treated with daptomycin at a dose of less than 6 mg/kg. Despite their increased sample size, these meta-analyses were able to control only for those confounding factors that were addressed within the individual trials which were included. Due to the smaller sample size of the individual trials, specific confounders, including some markers of illness severity, may not have achieved sufficient statistical significance to merit inclusion in individual study results and thus would not have been accounted for in the meta-analyses. In general, sicker patients were included in the daptomycin-treated groups in the individual studies that made up the recent meta-analyses. In the current study, there was no statistical difference observed among each treatment group with regard to mortality within 3 months after discharge, LOS after culture (excluding subjects who died), time to eradication of bacteremia, or recurrent isolation of the same species of VRE from the blood of the same patient within 1 week following initial blood culture positivity. Although there was an increase of in-hospital mortality among daptomycin-treated patients in bivariate analysis, the magnitude of the association moved toward 1 in multivariable analysis. It is possible that the differences in the findings between this study and the meta-analyses may be due to residual confounding pertaining to illness severity in the individual studies included in the meta-analyses as well as in the meta-analyses themselves.
In our health system, VR E. faecalis accounts for a relatively high proportion of VRE (3), and the majority (97%) of isolated VR E. faecalis isolates are susceptible to ampicillin. The high proportion of VR E. faecalis in this study allowed for the comparison of ␤-lactam therapy to daptomycin and linezolid therapy. Such comparisons have not been previously performed. We previously reported that VR E. faecalis bacteremia was independently associated with decreased in-hospital mortality compared to VR E. faecium (20) . In this study, patients with VR E. faecalis bacteremia also had decreased in-hospital mortality compared to that of VR E. faecium (n ϭ 18 cases [20.9%] versus n ϭ 46 cases [33.1%], P ϭ 0.07). Therefore, bacteremia due to VR E. faecalis as opposed to VR E. faecium was controlled for in the multivariate outcomes analyses.
In a prior study, vancomycin-resistant enterococcal bacteremia was reported to be associated with increased overall hospital charges in addition to increased mortality and length of stay (21) . In the current study, in a cohort analysis that excluded cancer institute patients, median variable direct cost per day was highest in the daptomycin group, followed by in the linezolid and ␤-lactam groups. In multivariate analysis, the difference in cost between the daptomycin and linezolid groups remained significant even after subjects were matched by propensity score. The higher costs in the daptomycin group than in the ␤-lactam and linezolid groups might have been due, in part, to higher acquisition costs (particularly for daptomycin doses of Ͼ6 mg/kg) and infusionrelated costs of daptomycin. Due to its high bioavailability, linezolid was used as an oral treatment option for VRE bacteremia; more than half (57 patients [50.9%]) of the linezolid group received linezolid orally. After length of hospital stay prior to VRE isolation and time to effective therapy were controlled for, median variable direct costs for duration of hospitalization were similar between the daptomycin and linezolid groups.
The optimal dose of daptomycin for the treatment of bacteremia due to VRE remains unclear. Even though this study was not designed specifically to evaluate clinical outcomes as a function of daptomycin dose, there was no difference in mortality observed between higher (Ͼ6 mg/kg) and lower (6 mg/kg) doses of daptomycin. A previous study comparing higher (Ͼ6 mg/kg) and lower (Յ6 mg/kg) doses of daptomycin for the treatment of bacteremia due to VRE did not report a difference in time to microbiological cure (22) . A higher daptomycin dose might be beneficial in certain situations, such as endovascular infections (4) .
We used all-cause mortality instead of infection-related mortality to avoid abstractor biases that might have been associated with determining infection-related mortality. We included patients with single sets of blood cultures positive for VRE. The proportion of contamination/colonization did not differ among treatment groups (Table 1) . Treatment agents were not delivered to patients in a randomized fashion. The confounding inherent in observational studies comparing different antimicrobial therapies was addressed in part, using propensity score analyses. However, even after matching on propensity score and controlling for differences between treatment groups, it is possible that residual confounding remained. After propensity score matching analyses were performed, daptomycin still was associated with a trend toward increased mortality (41% versus 31% against linezolid, and 33% versus 21% against ␤-lactams), although this was not statistically insignificant. The matching resulted in decreased sample sizes.
Due to the lack of availability of direct hospital costs for patients who were admitted to the cancer institute, two separate cohorts for analyses were used. The cohort with hospital cost data excluded cancer institute patients, limiting the generalizability of results. Another limitation was that combination therapy was used for only a small fraction of study subjects, and, thus, definitive evaluations of the impact of combination therapy on outcomes of patients with bacteremia due to VRE could not be conducted.
In conclusion, this large study revealed that daptomycin, linezolid, and ␤-lactams were similarly efficacious in the treatment of bacteremia due to VRE. In order to provide the most effective therapy for patients with bacteremia due to VRE, future studies should address issues pertaining to treatment duration, optimal dosing of daptomycin, and the impact and role of combination therapy. In addition, analyses focusing on special populations, such as patients with hematologic malignancy, are warranted.
